Chitosan was utilized as adsorbent to remove methyl orange (MO) from aqueous solution by adsorption. Batch experiments were conducted to study the effects of pH, initial concentration of adsorbate and temperature on dye adsorption. The kinetic data obtained from different batch experiments were analyzed using both pseudo first-order and pseudo second-order equations. The equilibrium adsorption data were analyzed by using the Freundlich and Langmuir models. The best results were achieved with the pseudo second-order kinetic model and with the Langmuir isotherm equilibrium model. The equilibrium adsorption capacity (q e ) increases with increasing the initial concentration of dye and with decreasing pH. The values of q e were found to be slightly increased with increasing solution temperatures. The activation energy (E a ) of sorption kinetics was found to be 10.41 kJ/mol. Thermodynamic parameters such as change in free energy (G), enthalpy () and entropy (S) were also discussed.
Introduction
With economic and technological development, water pollution is a common problem in worldwide. Water pollution has become more and more serious, especially regarding dye ions. Dye ions; mainly from dyeing industries have become serious threats to human beings and the aquatic ecosystem, due to their toxicity and persistence after being released into the natural water [1, 2] . Therefore, discharge regulations are progressively becoming more stringent. Many recent studies have been focused on the development of efficient processes for the recovery of these organic contaminants from the effluents of textile industries [3] [4] [5] . Usually conventional techniques such as precipitation, coagulation and flocculation have been used in wastewater treatment although these techniques are not very efficient for removing several common dyes, especially from dilute solutions [3] . Photo-oxidation has also been proposed for the treatment of dye-containing effluents [4, 5] , however, this process is relatively expensive and not appropriate for the treatment of large flows. More recently, biological degradation has been cited as an alternative process for the decolorization of the reactive dye [6] . On the other hand, adsorption processes remain the most common useful techniques for the decontamination of the effluents of textile and dyeing industries. Many studies have been made on the possibility of adsorbents using mineral sorbents [7] , activated carbons [8] [9] [10] , peat [11, 12] , chitin [13] [14] [15] [16] , rice husk [17] , soy meal hull [18] and agro wastes [19] [20] [21] . However, the adsorption capacity of the adsorbents is not very effective; to improve adsorption performance new adsorbents are still under development.
It is well known that chitosan (Figure 1(a) ) has widely been used in the preparation of various biomedical products [22] [23] [24] . Chitosan is easily prepared from chitin by deacetylating its acetoamide groups with a strong alkaline solution. This is the most abundant biopolymer in nature after cellulose. The high proportions of amino functions in chitosan have been found to provide novel adsorption properties for many metal ions [25] [26] [27] and organic dyes [28] [29] [30] [31] [32] [33] [34] [35] [36] . The deacetylated amino groups in chitosan can be protonated and the polycationic properties of the polymer are expected to contribute to the charged interactions with a model dye, methyl orange (MO), which is an anionic azo dye (Figure 1(b) ). In this study, chitosan 10B (100% deacetylated) was used as an adsorbent to remove dye MO from aqueous solution. The investigation for dye removal was carried out through a series of batch adsorption experiments. The attention has been placed in an understanding of the kinetics; mechanisms and equilibrium processes involved in adsorption of MO onto the chitosan 10B. Treatment of the chitosan surface with a cross-linking agent was not utilized in this study since cross-linking may change the properties of chitosan. The effects of pH, initial concentration of MO and temperatures on the adsorption phenomena have been studied.
Materials and Methods

Chemicals and Preliminary Characterization of the Chitosan Sample
Chitosan 10B (100% deacetylated, Katokichi Bio Co., Ltd., Japan) was used without further purification. The mass median diameters of the chitosan flakes were estimated to be (228 ± 5) m using a laser scattering particle size analyzer (LDSA-2400A, Tonichi Computer Applications, Japan) equipped with a dry dispersing apparatus (PD-10S, Tonichi Computer Applications, Japan). The dye methyl orange (MO) was from Acros Organics (New Jersey, USA) and was used without further purification. The chemical structure of MO is shown in Figure 1(b) . The other reagents used in this study were of pure analytical grade. Deionized water was prepared by passing distilled water through a deionizing column (Barnstead, Syboron Corporation, Boston, USA).
Batch Adsorption Experiments
Batch adsorption experiments of MO were carried out in a 122 mL stoppered bottle at a constant temperature (33 ± 0.2°C) using a shaking thermostat machine at a speed of 120 r/min. The effect of pH on the adsorption of MO was examined by mixing 0.05 g of chitosan 10B with 25 mL of MO (100 mol/L) solution with the pH ranging from 4.0 to 9.0. The pH of the samples was adjusted by adding micro liter quantities of 1 mol/L HCl or 1 mol/L NaOH. In kinetics studies, 0.05 g of chitosan 10B was mixed with 25 mL of MO solution with varied initial concentrations (15-100 mol/L), and samples were withdrawn at desired time intervals. In isotherm experiments, 0.05 g of chitosan 10B was added to 25 mL of MO solution with varied initial concentrations (5-50 mol/L).
After adsorption, the samples were centrifuged using a centrifuge machine (Labofuge 200, D-37520 Osterods, Germany) at a speed of 4000 r/min. The concentrations of MO in the supernatant liquor were determined by using standard curve. The absorbance of MO in aqueous solutions was measured with a Shimadzu UV-1601PC spectrophotometer at 465 nm, equipped with an electronically thermostatic cell holder (Shimadzu); the quartz cell had a path length of 1.0 cm. Before each measurement, the base line of spectrophotometer was calibrated against solvent. The standard curve was obtained by plotting absorbance versus concentration of MO.
The amount of MO adsorbed (q e ) was determined by using the following equation:
where C 0 and C e represent the initial and equilibrium MO concentrations (mol/L), respectively; V is the volume of the MO solution (L) and m is the amount (g) of chitosan 10B. The adsorption kinetics and equilibrium adsorption were also performed at different temperatures (27, 33, 40 and 45°C), respectively. The amount of adsorption was determined in the same way as described above.
Results and Discussion
Kinetics of Adsorption
Effect of pH
In order to avoid solubilization of the chitosan in aqueous solution at very low pH [37] , adsorption experiments were conducted with the pH ranging from 4.0 to 9.0. The effect of pH on adsorption kinetics of MO onto chitosan 10B at 33 o C is shown in Figure 2 , where the initial dye concentration was 100 mol/L. It indicates that the adsorption rate (dq/dt) and adsorption capacity (q t ) increase significantly with decrease in solution pH. After 240 min of adsorption, the equilibrium adsorption capacity (q e ) at pH 4.0 (30.14 mol/g) is more than double of that at pH 9.0 (11.79 mol/g) ( Table 1) . It can be seen that the pH The simulated adsorption kinetic profiles were generated using the pseudo second-order model in Equation (3) and the values of equilibrium adsorption capacity (q e(cal) ) and the pseudo second-order rate constant (k 2 ) listed in Table 1. of aqueous solution plays an important role in the adsorption kinetics of MO onto chitosan 10B and the most suitable pH is 4.0 among the observed pH ranging from 4.0 to 9.0. Similar results were also observed in the adsorption of reactive [32] and acid dyes [33] on crosslinked chitosan. Figure 2 also shows that the time to reach equilibrium adsorption increases gradually with increase in pH of the aqueous solution. Our data show that the time to reach equilibrium adsorption is about 60 min for pH 4.0-5.0 and 120 min for pH 6.0-9.0, respectively. Figure 3 shows that the effect of initial MO concentration on the adsorption kinetics of the chitosan 10B at pH 4.0 and temperature 33 o C. An increase in the initial dye concentration leads to an increase in the adsorption capacity of the dye on chitosan. This is due to the increase in the driving force of the concentration gradient, as an increase in the initial dye concentration [32] . Figure 3 also shows that most of the dye is adsorbed to achieve equilibrium adsorption within 60 min, although the data were taken for 120 min. The equilibrium adsorption capacity (q e ) at an initial dye concentration of 100 mol/L is nearly six times larger than that of 15 mol/L ( Table  1) .
Effect of Initial Dye Concentration
Effect of Temperature
The effect of temperature on adsorption kinetics of MO The simulated adsorption kinetic profiles were generated using the pseudo second-order model in Equation (3) and the values of equilibrium adsorption capacity (q e(cal) ) and the pseudo second-order rate constant (k 2 ) listed in Table 1 .
onto chitosan at pH 4.0 is shown in Figure 4 where initial dye concentration was 50 mol/L. Below and above the equilibrium time, an increase in the temperature leads to an increase in dye adsorption rate (dq/dt) and adsorption capacity (q t ), this indicates a kinetically controlling process. However, it can be seen from Figure 4 that the temperature effects are insignificant. It has been reported that the variation of wastewater temperature does not significantly affect the overall decolorization performance [34] . However, a significant effect of temperature on the equilibrium isotherms was observed in the adsorption of trisodium 2-hydroxy-1,1'-azonaphthalene-3,4',6-trisulfonate onto chitosan [28] and of Acid Orange II (acid dye) onto the cross-linked chitosan [33] .
Rate Constant Studies
In order to investigate the mechanism of adsorption kinetics, the pseudo first-order and pseudo second-order equations were used to test the experimental data of pH, initial concentration and temperature, respectively. The pseudo first-order rate expression of Lagergren and Annadurai and Krishnan [38, 15] is given as: log(q e -q t ) = logq e -(k 1 /2.303)t (2) where q e and q t are the amounts of dye adsorbed on chitosan 10B at equilibrium and at time t, respectively (mol/g), and k 1 is the rate constant of pseudo first-order The simulated adsorption kinetic profiles were generated using the pseudo second-order model in Equation (3) and the values of equilibrium adsorption capacity (q e(cal) ) and the pseudo secondorder rate constant (k 2 ) listed in Table 1 .
adsorption (per min)
. A straight line of log(q e -q t ) versus t suggests the applicability of this kinetic model to fit the experimental data. The equilibrium adsorption capacity (q e ) is required to fit the data, but in many cases q e remains unknown due to slow adsorption processes. Also, in many cases, the pseudo first-order equation of Lagergren does not fit well to the whole range of contact time and is generally applicable over the initial stage of the adsorption processes [38, 39] . The pseudo second-order kinetic model [39, 40] is expressed as:
where k 2 (g/mol per min) is the rate constant of pseudo second-order adsorption and can be determined from a linearized form of this equation, represented by Equation (4):
t/q t = 1/k 2 q e 2 + (1/q e )t (4) If second-order kinetics is applicable, the plot of t/q t versus t should show a linear relationship. There is no need to know any parameter beforehand and the equilibrium adsorption capacity (q e ) can be calculated from Equation (4) . Contrary to the other model it predicts the behavior over the whole range of adsorption and is in agreement with an adsorption mechanism being the ratecontrolling step [39, 40] , which may involve interactions between dye anions and adsorbent.
The slopes and y-intercepts of plots of log(q e -q t ) versus t were used to determine the pseudo first-order rate constant (k 1 ) and equilibrium adsorption capacity (q e ). These results are shown in Table 1 . A comparison of results with the correlation coefficients (R 2 ) is also shown in Table 1 . The values of R 2 for the pseudo firstorder kinetics model were low. Also, the calculated q e values obtained from the pseudo first-order kinetic model do not give reasonable values, which are too low compared with experimental q e values ( Table 1) . These results suggest that the adsorption of dye MO onto the chitosan 10B is not a pseudo first-order reaction.
The slopes and y-intercepts of plots of t/q t versus t were used to calculate the pseudo second-order rate constant k 2 and q e . The straight lines in plot of t/q t versus t ( Figure 5) show a good agreement of experimental data with the pseudo second-order kinetic model for different initial dye concentrations. The similar straight-line agreements are also observed for data at different pH and temperature although their plots are not shown in this paper. The computed results obtained from the pseudo second-order kinetic model are shown in Table 1 . The values of correlation coefficients (R 2 ) for the pseudo second-order kinetic model are ≥ 0.999 for almost all the cases. The values of calculated equilibrium adsorption capacity (q e(cal) ) also agree very well with experimental data (Table 1) . Moreover, the experimental adsorption kinetic profiles (Figures 2, 3 and 4) are perfectly reproduced in the simulated data (each solid line in Figures 2,  3 and 4) obtained from numerical analysis on the basis of pseudo second-order kinetic model (Equation (3)) using the values of k 2 and q e(cal) listed in Table 1 . These results indicate that the present adsorption system belongs to the pseudo second-order kinetic model. The similar phenomena were also observed in biosorption of reactive blue 2 (RB2), reactive yellow 2 (RY2) and Remazol black B on biomass [20, 21] . According to the pseudo second-order model, the adsorption rate dq/dt is proportional to the second-order of (q e -q t ). Since the chitosan 10B in our experiments have relatively high values of q e (Table 1), the adsorption rates become very fast and the equilibrium times are short. Such short equilibrium times coupled with high adsorption capacity indicate a high degree of affinity between the dye MO and the chitosan 10B [20] .
The rate constant k 2 at different temperatures listed in Table 1 was used to estimate the activation energy of the MO adsorption onto chitosan 10B. Assume that the correlation among the rate constant (k 2 ), temperature (T) and activation energy (E a ) follows the Arrhenius equation, which induces the following expression:
where R is the gas constant. The slope of plot of lnk 2 versus 1/T was used to evaluate E a . The value of E a was estimated to be 10.41 kJ/mol. This value seems to be small and the adsorption rate is not very sensitive to temperature in the range (27−45°C) we studied.
Equilibrium Adsorption
Adsorption isotherms describe how adsorbates interact with adsorbents and so are critical in optimizing the use of adsorbents. Thus, the correlation of equilibrium data by either theoretical or empirical equations is essential to the practical design and operation of adsorption systems. A plot of the equilibrium adsorption capacity, q e (mol/g), versus the liquid phase MO equilibrium concentration, C e (mol/L), for various temperatures at pH 4 is shown in Figure 6 . The adsorption capacities of the chitosan increased slightly when the solution temperature was increased from 27 to 45°C. The isotherm constants obtained from the linearized plots of Freundlich and Langmuir equations and the values of correlation coefficients (R 2 ) are discussed in the following sections.
Freundlich Isotherm
The well-known Freundlich isotherm [41] used for isothermal adsorption is a special model for heterogeneous surface energy in which the energy term in the Langmuir equation varies as a function of surface coverage strictly due to variation of the sorption. The Freundlich equation is given as: q e = K F C e 1/n (6) Equation (6) can be linearized by taking logarithms to find out the parameters K F and 1/n. ln(q e ) = (1/n)ln C e + lnK F (7) where K F is roughly an indicator of the adsorption capacity and 1/n of the adsorption intensity. K F and 1/n can be determined from the linear plot of ln(q e ) versus ln(C e ). The calculated results are listed in Table 2 . The magni Table 2 .
tude of the exponent 1/n gives an indication of the favorability of adsorption. From Table 2 , the exponent n is larger than 1 for adsorption of MO onto the chitosan at different temperatures indicating favorable adsorption condition [14] . However, the low values correlation coefficients (R 2 < 0.999) show poor agreement of Freundlich isotherm with the experimental data.
Langmuir Isotherm
The widely used Langmuir isotherm [42] has found successful application in many real sorption processes and is expressed as:
The constants K L and a L are the characteristics of the Langmuir equation and can be determined from a linearized form of this equation, represented by Equation (9):
Therefore, a plot of C e /q e versus C e gives a straight line of slope a L /K L and y-intercept 1/K L . The constant K L is the equilibrium constant and the ratio a L /K L gives the inverse of theoretical monolayer saturation capacity (q m ).
A linearized plot of (C e /q e ) versus C e is obtained from the model as shown in Figure 7 . The values of K L and a L are computed from the slopes and y-intercepts of different straight lines representing at different temperatures. The calculated results are shown in Table 2 . The fits are quite well for all the four different temperatures under the concentration range studied (correlation coefficient, R 2 > 0.999). From the results shown in Table 2 , the capacities of the chitosan for dye adsorption are not significantly dependent on the solution temperature although the values of K L and q m slightly increase when the solution temperature was increased from about 27 to 45°C. These results also suggest that the dye-chitosan interaction must be an endothermic process.
In an effort to understand the equilibrium processes involved in MO adsorption onto the chitosan, a computer simulation of the adsorption isotherms has been performed numerically on the basis of the Langmuir model in Equation (8) and using the Langmuir isotherm constants listed in Table 2 , and the results are compared with the experimental data ( Figure 6 ). The observed curves were obtained from the plots of equilibrium adsorption capacity, q e (mol/g), versus the liquid phase MO equilibrium concentration, C e (mol/L), at different temperatures. The simulated curves (all solid lines) were obtained as described as stated. The adsorption capacities of the chitosan increased slightly when the solution tem- perature was increased from 27 to 45°C. These features of the observed data are well reproduced in the simulated data as shown in Figure 6 , supporting that the all isotherms data are described well by the Langmuir equation.
The thermodynamic parameters such as change in free energy (G), enthalpy (H) and entropy (S) were determined using the following equations [35] :
(10) where K L is the equilibrium constant, T is the solution temperature (K) and R is the gas constant. H and S were calculated from the slope and y-intercept of van't Hoff plots of lnK L vs. 1/T. The results are presented in Table 2 . The negative values of G and positive value of H indicate that the adsorption of MO on chitosan 10B is spontaneous and an endothermic process. These behaviors seem to be explained by the ionic-nature of the dye MO-chitosan interaction [16, 36] . The positive value of S suggests that entropy is responsible for making the G negative for the adsorption process to be spontaneous.
Conclusions
The kinetics and adsorption mechanism of methyl orange (MO) onto chitosan 10B were studied in the present work. Batch experiments showed that both the initial dye concentration and the pH of aqueous solutions significantly affect the adsorption capacity of dye MO on the chitosan 10B. However, the adsorption kinetics of the dye on chitosan is slightly influenced by the temperature. The pseudo second-order kinetic model agrees very well with the dynamical behavior for the adsorption of dye MO on chitosan flakes under several different pHs, initial dye concentrations and temperatures in the whole ranges we studied. The q e values calculated from this kinetic model are very similar to the experimental q e values obtained from several experiments as shown in Table 1 . Moreover, the experimental adsorption kinetic profiles are perfectly reproduced in the simulated data obtained from numerically on the basis of the pseudo second-order kinetic model in Equation (3) and using the isotherm constants listed in Table 1 . On the contrary, the pseudo first-order kinetic model fits the experimental data poorly for the entire range under study. The Langmuir equation is the best-fit equilibrium isotherm for the sorption of dye MO onto chitosan based on a linearized correlation coefficient. The experimental adsorption isotherms also are perfectly reproduced in the simulated data obtained from numerical analysis on the basis of the Langmuir model in Equation (8) and using the Langmuir isotherm constants listed in Table 2 . The Gibbs free energy (G) demonstrated that the adsorption process is favorable for the interaction cited and the pronounced chitosan-dye interaction is reflected in the positive values of entropy (S).
It may be concluded that chitosan may be used as a low-cost, natural and abundant source for the removal of anionic azo dyes from water and wastewater as an alternative to more costly materials such as activated carbon.
